Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal tumors, with poor therapeutic options in the advanced state. The broccoli-derived anti-inflammatory agent sulforaphane was shown to inhibit the progression of pancreatic cancer and other tumor entities. We examined the involvement of pancreatic cancer cell lines were evaluated by microRNA and gene expression arrays, bioinformatics, in silico analysis, qRT-PCR, western blotting, immunohistochemistry, in situ hybridization, self-renewal and differentiation assays, and in vivo xenograft studies. We selected the top nine differentially expressed microRNAs, and miR135b-5p was chosen as the most important candidate for the sulforaphane-induced upregulation of the tumor suppressor gene RASAL2. The expression of miR135b-5p and RASAL2 was almost absent in malignant pancreatic tissues and cell lines, but not in their normal counterparts. Lipofection of miR135b-5p enhanced RASAL2 expression and inhibited ERK1/2 signaling, viability, self-renewal capacity, and tumor growth. These results indicate that miR135b-5p acts as a tumor suppressor via the induction of RASAL2 in PDA.
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDA) is one of the deadliest cancer malignancies and the fourth leading cause of cancer-related death in 2017 in the United States. 1 PDA will be the second cause of cancer mortality in the next decade. Because of an almost late diagnosis in advanced stages, a potential curative surgical intervention is not possible in most cases of PDA. The only therapeutic option remains palliative chemotherapy, despite decades of research. 2 A better understanding of the molecular signaling pathways underlying the progression of PDA may improve this devastating situation.
The anti-inflammatory isothiocyanate sulforaphane, present at a high concentration in broccoli, is considered a promising new therapeutic agent. Recent data have suggested that sulforaphane enhances the therapeutic efficacy of cytotoxic therapy by inhibiting nuclear factor kappa B (NF-kB), which was found to be overactivated in cancer stem-like cells from the pancreas, 3 breast, 4 prostate, 5, 6 and other tumor entities.
The RAS protein activator like 2 (RASAL2) protein has been suggested to be a novel tumor suppressor gene for the inhibition of the RAS-extracellular signal-regulated kinase (ERK) pathway, and its expression correlates inversely with stemness and epithelial-mesenchymal transition (EMT) in subcutaneous xenografts or human tissues from bladder and ovarian cancer patients. 7, 8 Similarly, RASAL2 expression in human cancer tissues is associated with a better prognosis for patients with renal cell carcinoma, 9 colorectal, 10 or bladder cancer. 9 Conversely, the inhibition of RASAL2 results in the development and progression of cancer of the breast 11 and bladder 7 in mouse models. In patient tissues, RASAL2 mutations have been correlated with advanced stages of breast cancer. 11 Not much has been published about the function of RASAL2 in PDA, but data from the Human Protein Atlas suggest that a high RASAL2 expression correlates with a shorter 5-year survival in 19% of PDA patients, compared with 50% of patients with low RASAL2 expression (https:// www.proteinatlas.org/ENSG00000075391-RASAL2/pathology/tissue/ pancreatic+cancer#staining).
Several studies have revealed emerging roles for microRNAs (miRNAs) in the regulation of pancreatic cancer progression. These highly conserved, small, 19-25-nucleotide-long, single-stranded, endogenous, noncoding RNAs bind to the 3 0 UTR of a target mRNA and have been primarily demonstrated to induce translational suppression or mRNA degradation, resulting in the prevention of protein expression. [12] [13] [14] However, a number of studies have revealed that miRNAs can also stimulate gene expression by direct and indirect mechanisms. 8 Depending on the type of miRNA and the cellular context, both anti-and pro-oncogenic effects were observed. 15 Here, we demonstrate that the expression of miR135b-5p and RASAL2 is low to absent in PDA, in contrast to semi-malignant or normal pancreatic tissue, where the expression is high. By in situ hybridization and immunohistochemistry, we identify a positive correlation between miR135b-5p and RASAL2 expression.
RESULTS

Sulforaphane Enhances the Expression of miR-135b-5p
To detect the sulforaphane-induced differential regulation of miRNAs, total RNA from BxPC-3 cells was collected at 24 h after treatment with 10 mM sulforaphane, and miRNA microarray expression profiling was performed. Based on bioinformatics evaluation, the nine most significantly differentially regulated miRNAs were selected and are shown in a heatmap ( Figure 1A ). Whereas miR-135b-5p, miR-7-5p, miR-1246, miR-331-3p, miR-6085, and miR-3676-5p were upregulated, miR-4465, Let-7b-5p, and miR-335-5p were downregulated. To identify new miRNAs related to pancreatic cancer progression, a literature search was performed in PubMed and Web of Science with the keywords "pancreatic cancer," "miRNAs," and "patient." A few miRNAs, whose differential expression between normal and malignant pancreatic tissue has already been experimentally confirmed, were identified (Table S1) . By comparing these results with the top candidates of the miRNA array, we selected miR135b-5p as the most relevant.
To confirm the sulforaphane-induced differential regulation of miR135b-5p expression, RNA from untreated and sulforaphanetreated BxPC-3, PANC-1, and AsPC-1 cells was harvested and analyzed by qPCR. The results confirmed that the expression of miR135b-5p was significantly increased upon sulforaphane treatment ( Figure 1B ).
Overexpression of miR135b-5p Inhibits Self-Renewal Capacity
To evaluate whether miR135b-5p mimicked the known inhibitory effects of sulforaphane on PDA progression features, miR135b-5p mimics or mock control mimics were transfected by liposomes into BxPC-3, PANC-1, and AsPC-1 cells. Twenty-four hours later, the expression of miR135b-5p was determined by qPCR analysis (Figure S1 ), which confirmed its high overexpression by factors of 10,000, 250, and 20,000, respectively. The overexpression of miR135b-5p was reflected by a strong repression of viability (Figure 2A) , migratory activity ( Figure 2B ), and colony-forming capacity ( Figure 2C ). Similarly, 24 h after lipofection, the cells were seeded onto 6-well plates and cultured until they reached 90% confluence. Then, a line was scratched into the middle of the cell layer with a 10-mL pipette tip. The closure of the wounded region was evaluated and recorded by microscopy at Â100 magnification. The size of the gap area was calculated by ImageJ software and by detecting the square of length Â width. (C) Similarly, 24 h after transfection, the cells were reseeded at a low density (BxPC-3: 1,000 cells/ well; PANC-1: 500 cells/well; and AsPC1: 300 cells) and cultured for 2 weeks in regular culture medium. Then, the cells were fixed and stained with Coomassie, followed by the evaluation of colonies comprising at least 50 cells. The number of colonies in the mock group was set to 1. Colonies containing more than 50 cells were treated as a single colony. The clonogenicity efficiency was calculated (number of colonies/number of seeded cells) Â 100. Means ± SD are shown; *p < 0.05, **p < 0.01.
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miR135b-5p Promotes RASAL2 Expression
To detect the putative target genes of sulforaphane, which could be regulated by miR-135b-5p, we collected total RNA from BxPC-3 cells at 24 h after treatment with sulforaphane and performed mRNA microarray expression profiling. Compared to untreated control cells, we found the differential expression of 711 mRNAs (p < 0.01). Among these mRNAs, 396 were downregulated and 315 were upregulated, as shown in the heatmap ( Figure 3A) and Table S2 . Among these genes, RASAL2 was considered the most interesting for functional reasons. The upregulation of RASAL2 mRNA and protein by sulforaphane was confirmed in BxPC-3, PANC-1, and AsPC-1 cells by qRT-PCR ( Figure 3B ) and western blot analysis ( Figure 3C ).
To identify whether RASAL2 was targeted by miR-135b-5p, we analyzed the mRNA microarray results in silico with the miRWalk database, which predicted 51 miR135b-5p target genes, among which was RASAL2 (Table S3) . By using the TargetScan online database, 16 we identified 2 putative miR135b-5p-binding sites in the RASAL2 3 0 UTR ( Figure 4A ), which is a regulatory element in the mRNA sequence that immediately follows the translation termination code. 17 To examine whether miR135b-5p indeed regulates RASAL2, BxPC-3 and PANC-1 cells were lipofected with miR135b-5p or mock control mimics. Twenty-four hours later, total RNA was harvested, and the mRNA expression of RASAL2 was measured by qRT-PCR. The overexpression of miR135b-5p led to an increase in RASAL2 of 55% and 70% in the cell lines, respectively, compared to that in the mock control ( Figure 4B ). Similar results were found by immunohistochemistry ( Figure 4C ).
miR135b-5p Inhibits the Growth of Tumor Xenografts In Vivo
To evaluate the in vivo relevance of these findings, we transfected BxPC-3 cells with miR135b-5p mimics or mock control mimics and transplanted these cells onto the chorioallantoic membranes of fertilized chicken eggs on day 9 of development and resected the tumor xenografts on day 18. The size of each xenograft tumor was measured by calipers, and representative tumors, the size of each tumor and the mean sizes are shown ( Figure 5A ). There was a significantly smaller size of the xenograft tumors from miR-135b-5p-overexpressing cells. This effect is most likely due to the overexpression of RASAL2 in the respective xenografts, as confirmed by qRT-PCR analysis and immunofluorescence staining from xenograft tissue (Figures 5B and 5C). To further highlight the effect of miR135b-5p on proliferation, we stained tumor sections for the proliferation marker Ki67 and found a significant reduction in proliferation ( Figure 5D ). Similarly, the cleaved fragment of activated caspase-3 was significantly upregulated in miR-135b-5p-overexpressing cells, indicating enhanced apoptosis ( Figure 5E ). In addition, miR135b-5p reduced the phosphorylation of the RASAL2 target pERK and the expression of the stemness and EMT markers Vimentin, CD133, and CD44, whereas E-cadherin expression was upregulated ( Figure 5F ). These results indicate that miR135b-5p inhibited tumor progression most likely via RASAL2.
Correlation of miR135b-5p and RASAL2 Expression in Patient Tissue
Finally, to verify the relevance of these findings for patients, we detected the expression of miR135b-5p and RASAL2 in the tissues of highly aggressive PDA (n = 6), less malignant intraductal papillary mucinous neoplasm (IPMN; n = 6), and nonmalignant pancreas (n = 6) tissue samples by in situ hybridization and immunohistochemistry ( Figure 6A ; Table S4 ). The expression patterns and the number of positive cells were evaluated blindly by two experienced scientists. Whereas the expression of miR135b-5p and RASAL2 was highest in normal pancreatic tissues, the expression was lower in IPMN tissue and very low to absent in PDA tissue. These results were quantified by grading the expression intensity of miR135b-5p, which decreased significantly with increasing malignancy. Non-parametric tests (Kruskal-Wallis and Mann-Whitney) were performed over all groups with p values < 0.05, suggesting a strong negative correlation between miR-135b-5p expression and malignancy ( Figure 6B ). A similar strong negative correlation was found for RASAL2 expression with a p value of < 0.01, suggesting that RASAL2 expression correlates negatively with malignancy ( Figure 6C ). The documentation of RASAL2 and miR135b-5p in a Figure 3 . miR135b-5p Regulates RASAL2 (A) BxPC3 cells were treated with 10 mM sulforaphane (SF) or were left untreated (CO). Twenty-four hours later, mRNA was harvested, followed by gene expression profiling in triplicate using the GeneChip miRNA 4.0 Array. A heatmap of candidate mRNAs was created, which combined the array and database results. The most significant upregulated candidate gene RASAL2 is marked. The scale from À0.7 to 0.7 marks the intensity of differential regulation of genes: high expression (red), middle expression (black), and low expression (green). (B) BxPC-3, PANC-1, and AsPC-1 cells were treated as described above, and RNA was harvested. The fold change in RASAL2 expression was determined by qRT-PCR and normalized to GAPDH. The controls were set to 1. (C) The cells were treated as described above, followed by harvest of the proteins 24 h later and examination of RASAL2 protein expression by western blot analysis. The expression of b-actin served as a control for equal conditions. The band intensities (pixel intensities) were measured using ImageJ and are shown in the diagram on the left, after normalization to b-actin. Means ± SD are shown; *p < 0.05, **p < 0.01.
scatterplot ( Figure 6D ) confirmed the relation of the expression of these factors with the grade of malignancy-namely, an absence of expression in highly malignant PDA, low to high expression in low to highly malignant IPMN, and high expression in non-malignant normal pancreatic tissue. Together, these data suggest, that low to absent expression of RASAL2 and miR-135b-5p are indicators of the grade of malignancy in pancreatic cancer.
DISCUSSION
In this study, we observed that the bioactive agent sulforaphane induces the upregulation of miR-135b-5p, which in turn upregulates the novel tumor suppressor RASAL2. We found that both factors are inhibited in highly aggressive pancreatic cancer cell lines and tissues and that their absence correlates with malignancy. We observed median expression levels in less aggressive IPMN tissues and strong expression levels in nonmalignant pancreatic tissues. By the mimicmediated overexpression of miR135b-5p, we found that progression features in vitro and tumor growth in vivo were strongly inhibited. Conversely, the siRNA-mediated inhibition of RASAL2 activated ERK activity, and the overexpression of miR135b-5p inhibited it. Therefore, we suggest the miR135b-5p/RASAL2 signaling cascade as a new tumor suppressor system for the inhibition of the ERKmediated progression of pancreatic cancer.
Our results demonstrated the upregulation of RASAL2 by miR135b-5p. This mechanism is different from the usual mechanism of action of miRNAs, which have primarily been demonstrated to mediate the transcriptional or post-transcriptional downregulation of target genes through binding of the 3 0 UTR of the mRNA to the miRNA seed region. [18] [19] [20] However, a number of studies have shown that miRNAs can also mediate transcriptional gene activation instead of gene silencing. 8 The first miRNA identified as an activator of a target gene was human miR-373, which induced the transcription of E-cadherin and CSDC2. 21 Additionally, several reports, including ours, have confirmed the observation of miRNA-induced transcriptional activation, suggesting the existence of a new and widespread mechanism of action for miRNAs whose underlying biochemical processes are still unknown. 22 However, the presence of a DNA sequence complementary to the 5 0 seed region and partially to the flanking region of miRNA is required for transcriptional activation. Because we identified a seed region in the miR135b-5p 5 0 end that is complementary to two sequences within the 3 0 UTR region of RASAL2, we assume that binding plays a role in the transcriptional upregulation of RASAL2 in our system. According to a suggested mechanism, 8 miR135b-5p may function in concert with particular messenger ribonucleoprotein complexes and in response to specific cellular conditions to activate the expression of RASAL2.
Our results reveal that RASAL2 acts as a tumor suppressor in pancreatic cancer because its expression correlated with low or absent malignancy, whereas low or absent RASAL2 expression correlated with highly aggressive pancreatic cancer. This study is the first to show the function of RASAL2 as a tumor suppressor in PDA. Our data are in line with the findings in other tumor entities, because a tumor suppressor function for RASAL2 has been described in cancers of the bladder, ovaries, kidney, breast, and colorectal. 7, 8, 10, 11 In our study, we verified that RASAL2 inhibits ERK phosphorylation and features of tumor progression and the EMT by siRNA-mediated inhibition of RASAL2 by the miR135b-5p-mediated expression of RASAL2. On the other hand, RASAL2 expression has been described to act in an oncogenic manner in triple-negative breast cancer and in ovarian cancer to drive mesenchymal invasion and metastasis. 23 , 24 We do not know the reason for these opposing results, but we assume that they may have reflected differences in the tumor microenvironments. This inconsistency of RASAL2 function is reflected by the controversial functions of miR135 in various cancers. According to our data, miR135 has a tumor suppressor function in pancreatic cancer. This result is in line with data found in breast cancer, where miR135 impaired progression by the downregulation of FAK or Runx2, 25, 26 and the data obtained in prostate cancer, where miR135a-1 inhibited progression by the downregulation of epidermal growth factor receptor (EGFR). 27 On the other hand, miR135 is suggested as an oncogene in (1) melanoma cells by the downregulation of Forkhead Box O1 (FOXO1), 28 (2) non-small-cell lung cancer by the downregulation of tripartite motif containing 16 (TRIM16), 29 and (3) esophageal squamous cell carcinoma by the downregulation of RERG. 30 Thus, miR135 has several different cellular target genes and its function as a tumor suppressor or oncogene seems to depend on the tumor entity and cellular context.
Finally, we would like to mention that, although mice are the most common animal models used for miRNA delivery, we used a chicken egg xenotransplantation model. This was not only due to the high costs and administrative and ethical barriers of mouse studies, but was also because the chicken egg model is an excellent alternative, which has been evaluated in several of our recent studies, 11, 31, 32 which can be easily used for the delivery of miRNA in vivo. 18 Chicken eggs are naturally immunodeficient and the blood vessel network of the chorioallantoic membrane (CAM) supports the growth of a tumor xenograft. A major advantage is that the CAM is noninnervated and allows painless tumor inoculation and growth and CAM injections. In addition, tumors grow much faster on chicken eggs than on mice, the tumor xenografts have a well-developed histopathological morphology with tumor microenvironment, and the CAM model can be easily performed in any laboratory, as the method is inexpensive, and an animal application is not required until day 18 of embryonic chick development. Therefore, we feel that the chicken egg xenotransplantation model is well suited for short-term in vivo xenograft growth for up to 10 days.
In conclusion, low to absent miR135b-5p and RASAL2 expression levels correlate with the median to high malignancy of pancreatic Figure 5 . miR135b-5p Reduces the Volume of Xenograft Tumors BxPC-3 cells were transfected with miR135b-5p (miR135) mimics or a nonsense miRNA control (mock) as described in detail in Figure 2 . Twenty-four hours after transfection, the cells were transplanted onto the chorioallantoic membrane of fertilized chicken eggs on day 9 of embryonic development. Nine days later, on day 18 of development, the chick embryos were euthanized, followed by the resection of the xenografts and measurement of the size by calipers. (A) Representative tumor xenografts are shown on the left, and the individual tumor sizes and their means are presented on the right; **p < 0.01. (B) RNA was harvested from xenograft tissue, and RASAL2 mRNA expression was measured by qRT-PCR, as described in Figure 3B . (C) RASAL2 protein expression was detected in cryosections from xenograft tissue by immunofluorescence microscopy. Representative stained images are shown on the left. The relative fluorescence intensity was examined at Â400 magnification, using a Leica DMRB fluorescence microscope and ImageJ. The control was set to 1. means ± SD are shown on the right; **p < 0.01. Similarly, the expression of the proliferation marker Ki-67 (D) and of the apoptosis marker "cleaved fragment of caspase-3" (Casp3 act + ) (E) was detected by immunohistochemistry. Representa- cancer, whereas the median or high expression of these two factors correlates with less malignant or nonmalignant pancreatic tissue. These effects are due to miR135b-5p-induced RASAL2 expression, which inhibits ERK signaling and cancer progression. The broccoli bioactive agent sulforaphane restored miR135b-5p and RASAL2 expression in PDA, suggesting that a diet rich in broccoli and other vegetables of the cruciferous family may support conventional PDA therapy.
MATERIALS AND METHODS
Tumor Cell Lines
The established human PDA cell lines AsPC-1, BxPC-3, PANC-1, and MIA-PaCa2 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in DMEM with high glucose (Sigma-Aldrich, Muenchen, Germany), supplemented with 10% fetal calf serum (FCS; Sigma-Aldrich) and 1 mM HEPES (PAA Laboratories, Posching, Austria). All cell lines were authenticated by a commercial institution (Multiplexion, Heidelberg, Germany), and mycoplasma was tested monthly by PlasmoTest (InvivoGen, San Diego, CA, USA). BxPC-3 and Bx-Gem cells were cultured in DMEM supplemented with 10% FCS and 25 mmol/L HEPES (Thermo Fisher, Dreieich, Germany).
Patient Tissue
Patient tissues were obtained under the approval of the Ethics Committee of the University of Heidelberg after receiving written informed consent from the patients. The diagnoses were established by conventional clinical and histological criteria according to the World Health Organization (WHO). All surgical resections were indicated by the principles and practice of oncological therapy.
Reagents
Sulforaphane (R95%) and the ERK inhibitor FR180204 (SigmaAldrich, St. Louis, MO, USA) were prepared in DMSO to 100 and 50 mM stock solutions, respectively, and stored in aliquots at À20 C. Each aliquot was used only once, immediately after thawing. The final concentrations of the solvents in media were 0.1% or less.
Xenotransplantation into Chicken Eggs
Briefly, treated cells were seeded onto a CAM on day 9 of development of the chicken embryo, followed by treatment and analysis of the tumor volume and side effects as previously described. 33 Cell Viability PDA cells were resuspended at a final concentration of 4 Â 10 4 À10 5 /mL and plated onto 96-well microplates at 100 mL per well. After treatment, the cell viability was examined by tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described. 31 
Colony-Forming Assay
Twenty-four hours after treatment, the cells were seeded at low density onto 6-well plates. The colony-forming capacity was evaluated at 14 days later, as previously described. 
Wound-Healing Assay
After transfection, the cells were seeded onto 6-well plates and incubated at 37 C until 90% confluence was reached. A cross was scratched into the cell layer with 10-mL pipette tip. Twenty-four hours after incubation, photos of the wounded areas were taken, and the gap area was quantified by ImageJ software.
Western Blot Analyses
Western blot analyses were performed as previously described. 3 The following antibodies (Abs) were used: rabbit polyclonal Abs against RASAL2 (82481, 1:1,000; Cell Signaling Technology, Danvers, MA, USA) and mouse monoclonal Abs against b-actin (A1978, 1:5,000; Sigma-Aldrich, St. Louis, MO, USA).
Immunohistochemical and Immunofluorescence Staining
Staining was performed on frozen tissue sections or established cell lines, as previously described. 3 The following Abs were used: mouse The RNeasy Mini Kit and the miRNeasy Mini Kit (QIAGEN, Hilden, Germany) were used for the isolation of mRNA and miRNA, respectively. TaqMan Small RNA Assays and TaqMan Gene Expression Assays (Thermo Fisher, Darmstadt, Germany) were used for qRT-PCR according to the manufacturer's instructions. miR-135b-5p, RASAL2, and the control primers RNU6B and GAPDH were purchased ready to use from Thermo Fisher.
Detection of miR135b-5p Expression by In Situ Hybridization
The detection of miR135b-5p expression in tissue sections was performed using the miRCURY LNA microRNA Detection Kit (QIAGEN, Hilden, Germany) as described. 32 Staining was performed on formalin-fixed, paraffin-embedded patient tissues. Briefly, the sections were dewaxed in Roti-Histol (Carl Roth, Karlsruhe, Germany, rehydrated in 2-propanol, treated with proteinase K (15 mg/mL; QIAGEN, Hilden, Germany) and air dried. Hybridization was performed for 2 h at 52 C, using a miR-135b-5p-specific sequence; the sequence of the digoxigenin-labeled locked nucleic acid (LNA) detection probe was 5 0 -TCACATAGGAATGAAAAGCCA-3 0 . A scrambled miRNA probe was used as a negative control. After stringent washes, the bound LNA probes were detected with alkaline phosphatase-conjugated digoxigenin Ab (Roche Diagnostics, Mannheim, Germany) and nitroblue tetrazolium/5-bromo-4-chloro-3'-indolyphosphate p-toluidine (NBT/BCIP; Vector Laboratories, Burlingame, CA, USA) as the substrate. Nuclear Fast Red (Vector Laboratories, Burlingame, CA, USA) was used for nuclear staining. The sections were mounted using Roti-Mount FluorCare.
Statistical Analysis
Data obtained with established cell lines are presented as means ± SD from three separate experiments performed at least in triplicate. The significance of the data was analyzed using Student's t test for parametric data and the Mann-Whitney test for nonparametric data. The Pearson product-moment correlation was performed to measure the linear correlation between two variables x and y. Regarding the immunohistochemistry or immunofluorescence experiments, the expression intensity and the percentage of positive cells were determined by counting the number of differentiated cells in 10 fields of view for each group. p < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01).
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